Localized surface plasmon resonance (LSPR) for metallic nanoparticle dimers has attracted considerable attention in recent years[@b1]. The plasmonic resonance in the metal-dielectric interface has been investigated for many applications, such as bio-detection[@b2], fluorescence enhancement[@b3], active optoelectronic components[@b4], metamaterials[@b5], and surface-enhanced Raman scattering[@b6]. Nanoantennas (NAs), i.e., metallic nanoparticle dimers, have exhibited different resonance modes, including the dipolar bonding mode and antibonding mode[@b7]. Numerous researchers have attempted to analyze the plasmonic coupling mode with the particle-dimer-like array structure because of the strong field enhancements[@b8][@b9].

The interactions between NAs and incident electromagnetic waves have been investigated. Plasmonic coupling is interpreted according to the plasmon hybridization model introduced by Nordlander *et al*.[@b10][@b11][@b12][@b13][@b14]. For identical nanoparticle dimers, the resonance wavelength varies among different coupling modes owing to the corresponding phase of the electric displacement field caused by transverse-magnetic (TM) and transverse-electric (TE) polarization fields. For metallic nanoparticle dimers, the in-phase (out-of-phase) response of two dipoles is called the bonding (antibonding) mode or bright (dark) mode, as in molecular orbital theory[@b12][@b13]. The bonding mode can be coupled easily by normal incidence, but in symmetric structures of NAs, the antibonding mode would be hardly coupled by normal incidence. There have been researches discussed that the antibonding mode can be coupled by a metal-insulator-metal (MIM) structure[@b15], an asymmetric structure[@b16], or with different metals[@b17]; however, fabrication for those structures is difficult, and the coupling efficiency is lower than that of the general symmetric boning mode. Despite the difficulty of coupling energy into the antibonding mode of identical NAs, the antibonding-mode resonance of NAs attracts considerable attention owing to the slower radiative decay and narrower linewidths. The antibonding-mode resonance of NAs can be predicted according to the plasmonic Hamiltonian theory. The eigenvalue of plasmonic quadratic Hamiltonian equation for representing two identical coupled localized surface plasmons (LSPs) is[@b17]

where

Here, *α* is the interaction coefficient, which is mainly depended on the distance of two nanoparticles. The LSP frequency of single nanoparticle is *ω*~*LSP*~, and *θ* is the angle formed by the polarization of the nanoparticles and the dimer axis joining the two nanoparticles.

For *θ* = 0, the low-energy (high-energy) mode with frequency *ω*~−~(*ω*~+~) can be considered as the in-phase (out-of-phase) motion of the two nanoparticles. For *θ* = *π*/2, the − and + modes correspond to the out-of-phase and in-phase motions, respectively.

Studies have been conducted to predict the coupling modes and explore the characteristics of different modes by theoretical analysis. However, theoretical results cannot provide information about the coupling efficiency in hybridization models. To further investigate the coupling efficiency, finite-element method (FEM) analysis and experimental results are necessary. In this work, the oblique incidence is chosen to couple energy into symmetric gold NAs on glass substrates, and the effects of different incidence angles are compared.

By solving the plasmonic quadratic Hamiltonian equation, four kinds of coupling modes are indicated in [Fig. 1](#f1){ref-type="fig"}. The different directions of the dipole resonance are also shown. The resonance wavelengths of different plasmonic coupling modes, such as the transverse bonding mode or the longitudinal antibonding mode, can be calculated by theoretical analysis. The four types of plasmonic coupling modes shown in [Fig. 1](#f1){ref-type="fig"} are the longitudinal-bonding (LB) mode, the longitudinal-antibonding (LA) mode, the transverse-bonding (TB) mode, and the transverse-antibonding (TA) mode, which correspond to the wavelengths of 780, 677, 698, and 749 nm, respectively. The interaction coefficient (*α*) of nanoantennas is 0.037 in the model.

In [Fig. 1](#f1){ref-type="fig"}, the resonance wavelength of the LA mode (red arrow near 677 nm) is shorter than that of the LB mode (black arrow near 780 nm) because the potential energy of the LA mode is high. In contrast, the resonance wavelength of the TA mode is longer than that of the TB mode because the potential energy of the TA mode is low. The results clearly show that the electric potential changes according to the dipole direction. In addition, the label at 728.5 nm indicates the resonance wavelength of single particle case. [Equation 1](#eq1){ref-type="disp-formula"} indicates that the single-particle resonance frequency (*ω*~*LSP*~) should always be in the middle of the LA (TA) and LB (TB) modes, which means that there is no hybridization.

To ensure the accuracy of the theoretical analysis, the NAs arrays are fabricated and the absorption spectra in FEM simulation are compared at wavelengths ranging from 600 to 880 nm. Electron-beam lithography is applied to fabricate arrays of gold NAs on a 15-nm indium-tin oxide (ITO)-coated glass substrate. Polymethylmethacrylate is used as the photoresist in the lithography process. As shown in the scanning electron microscopy (SEM) images of [Fig. 2](#f2){ref-type="fig"}, highly symmetric particles are fabricated. The square particle dimers have x and y dimensions of 98 and 100 nm, respectively, with a periodicity of 400 nm in both the x and y directions. The thickness of the NAs is 36.3 nm, and the gap between the two paired particles in a unit cell is \~32 nm. In the measurement, the reflectance spectra from 600 to 900 nm of the NA array are recorded. The absorption spectra in [Fig. 2](#f2){ref-type="fig"} are calculated as (1-R-T), where R stands for the reflectance and T stands for the transmittance. In the simulation, the loss factor of gold in the Drude model is 3. The refractive index of the substrate is 1.52 (glass), the surrounding medium is water (n = 1.33), and the ITO layer is not considered. Comparing [Fig. 1](#f1){ref-type="fig"} with [Fig. 2g--i](#f2){ref-type="fig"} reveals that the theoretical analysis fits well with the FEM modeling, not only for the case of a single particle but also for NAs. In [Fig. 2g](#f2){ref-type="fig"}, because the symmetry is not broken by the oblique incidence in the TM transverse setting, there is only one resonance wavelength, \~700 nm, which corresponds to the TB mode in [Fig. 1](#f1){ref-type="fig"}. In [Fig. 2h](#f2){ref-type="fig"}, the blue shift of the resonance wavelength is observed when the incidence angle is larger than 30°. At a normal or small-angle oblique incidence (\<30°), the resonance wavelength is 780 nm, which corresponds to the LB mode in [Fig. 1](#f1){ref-type="fig"}. When the incidence angle is larger than 30°, another resonance mode arises, which occurs at 680 nm and corresponds to the LA mode in [Fig. 1](#f1){ref-type="fig"}. In [Fig. 2i](#f2){ref-type="fig"}, the resonance wavelength is 728.5 nm, which corresponds to the case of a single particle in [Fig. 1](#f1){ref-type="fig"}. According to the analysis, good agreement is observed not only for the resonance wavelength but also for the plasmonic coupling mode.

Interestingly, in [Fig. 2h](#f2){ref-type="fig"}, when incidence angle is larger than the critical angle, a strong enhancement of the coupling efficiency in the antibonding mode is observed. The reason for this enhancement is explained by [Fig. 3](#f3){ref-type="fig"}. Because the NAs are thin, emphasis should be placed on the x component of the electric fields near the interface. In [Fig. 3](#f3){ref-type="fig"}, different incident angles and corresponding near-field distributions of the electric displacement field are shown. For the left case in [Fig. 3](#f3){ref-type="fig"}, under normal incidence, the electric field is parallel to the interface between glass and water, which means that the NAs can receive 100% of the intensity from the incident electromagnetic wave to couple with the plasmonic LB mode, as shown in the corresponding near-field distribution. For the middle case in [Fig. 3](#f3){ref-type="fig"}, when the incidence angle is increased, the x component of the electric field decreases. However, when the incidence angle is larger than the critical angle, the transmitted light changes into an evanescent wave. For the evanescent wave, the wavefront is longitudinal, and the electric displacement field at the interface becomes stronger than that under normal incidence[@b18][@b19]. In [Fig. 3](#f3){ref-type="fig"}, comparing the electric displacement field at the interface for incidence angles of 40° and 72° reveals that the intensity of the electric dipole moment at 72° is twice as strong as that of the LA mode at 40°. The absorption (1-R-T) spectra in two-dimensional (2D) mapping ([Fig. 2h](#f2){ref-type="fig"}) and the near-field distribution indicate that the antibonding mode in NAs can be strengthened by evanescent waves.

The top and bottom spectra in [Fig. 4](#f4){ref-type="fig"} show the simulation and experimental results, respectively. The reason for showing only the reflectance spectra is that the transmittance is negligible when the incidence angle is larger than the critical angle. As shown in the figure, the trends in the simulation and experimental spectra agree well. The reflectance dip in the simulation is narrower than that in the experiment. This difference between the simulation and experiment may be due to the fabrication imperfections of the sample.

[Figure 5a,b](#f5){ref-type="fig"} show the near-field distribution of the LB and LA modes, respectively. For the antibonding mode, the LSPR strength is proportional to the absorptivity because the net dipole moment tends to be zero. In contrast, the bonding mode is a bright mode, which means that the LSPR strength is proportional to the scattering. In [Fig. 2h](#f2){ref-type="fig"}, the corresponding resonance mode is the antibonding mode; thus, the absorptivity is enhanced when the incidence angle is larger than the critical angle.

In [Fig. 5](#f5){ref-type="fig"}, the scattering cross section, absorption cross section, and total extinction cross section spectra for the bonding mode and antibonding mode of a single nanoantenna are analyzed by Mie theory like FEM modeling. Here, the total extinction cross section is the sum of the scattering and absorption cross section. The scattering cross section includes the light scattered in all directions and the absorption cross section relates to the energy absorbed by the nanoantenna. In [Fig. 5c](#f5){ref-type="fig"}, the net dipole of the bonding mode is nonzero; thus, the scattering cross section dominates the total extinction cross section. Conversely, when the net dipole of the antibonding mode is zero, the absorption cross section dominates the total extinction cross section, at the resonance wavelength. In the antibonding mode of longitudinal resonance, the scattering cross section is suppressed by a factor of five compared with that in the bonding mode.

In [Fig. 6](#f6){ref-type="fig"}, the TE polarization for the resonance of the transverse NAs ([Fig. 6a](#f6){ref-type="fig"}) is analyzed. In [Fig. 1](#f1){ref-type="fig"}, the resonance wavelength of the TB mode is 698 nm, which corresponds to [Fig. 6b](#f6){ref-type="fig"}, and that of the TA mode---749 nm---corresponds to [Fig. 6c](#f6){ref-type="fig"}. The enhancement of the electric displacement field of the NAs by the evanescent wave is observed by comparing the extinction cross section and the near-field distribution in [Fig. 6](#f6){ref-type="fig"}.

In previous research, the antibonding mode was usually coupled by TM longitudinal-type waves because of the property of breaking symmetry[@b20][@b21][@b22]. However, in our study, the antibonding mode could be coupled by oblique TE polarization transverse-type waves, demonstrating that TE transverse waves can also break the symmetry of NAs when the dimers orientation is transverse to the polarization of incident field.

For a clear comparison of the different plasmonic coupling modes, the information of [Figs 5](#f5){ref-type="fig"} and [6](#f6){ref-type="fig"} are arranged in [Table 1](#t1){ref-type="table"}. Here, the full widths at half maximum (FWHMs) of the antibonding modes are smaller than those of the bonding mode. In addition, the ratio of the absorption cross section to the total extinction cross section of the antibonding modes are larger than those of the bonding mode. The reason is because antibonding modes are with slower radiative decay than bonding modes[@b10]. These results, which also correspond to the bright (bonding) mode and dark (antibonding) mode in [Fig. 1](#f1){ref-type="fig"}, agree well with the physical meaning of the "bright" and "dark" modes and the differences in the radiative decay and linewidths.

The hybridization model of plasmonic NAs and the coupling resonance wavelengths can be predicted by solving the plasmonic Hamiltonian equation. Different types of coupling modes can be found by changing the incidence angles. In addition, by examining the reflectance spectra and near-field distribution, the enhancement of the coupling efficiency for the antibonding mode of NAs under the evanescent wave can be explained without the complex molecular-orbital theory. In addition to a simulation and theoretical analysis, an experiment was performed to improve the credibility of this study. The bonding (bright) mode and antibonding (dark) mode were coupled in both TM-longitudinal type and TE-transverse type polarization wave in an NA array. In the future, the antibonding mode can be applied to improve the sensitivity of sensors or in quantum optics because of its high quality factor and slower radiative decay.
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![Theoretical analysis results obtained by solving the eigenvalue of plasmonic quadratic Hamiltonian equation.\
Resonance wavelengths are calculated by [Eq. (1)](#eq1){ref-type="disp-formula"}. According to [Eq. (1)](#eq1){ref-type="disp-formula"}, two frequencies can be observed. The higher frequency is called ω-positive (circle), and the other one is called ω-negative (star).](srep32194-f1){#f1}

![(**a**--**c**) Oblique incidence framework; (**d**--**f**) SEM images; and (**g**--**i**) 2D mapping absorption (1-R-T) spectra from FEM simulation with TM-polarized incidence light for incidence angles ranging from 0° to 89° and wavelengths ranging from 600 to 880 nm of (**a**,**d**,**g**) TM transverse-type antennas; (**b**,**e**,**h**) TM longitudinal-type antennas; and (**c**,**f**,**i**) a TM-type single particle. The red arrows indicate the direction of the light.](srep32194-f2){#f2}

![Normal incidence, oblique incidence, and total internal reflection of NAs.\
The x-component of the electric field at the interface (z = 0) is indicated as Ex for different incidence angles. The distribution of the electric displacement field of the NAs at 670 nm is shown at the top for each case.](srep32194-f3){#f3}

![TM-polarization reflectance spectra of NAs with different incidence angles, which are all larger than the critical angle: (**a**) longitudinal-type and (**b**) transverse-type. The top and bottom spectra show the simulation and experimental results, respectively.](srep32194-f4){#f4}

![Simulation results for near-field distribution and dipole distribution sketch map of (**a**) bonding mode (bright mode) and (**b**) antibonding mode (dark mode). The extinction cross-section spectra of the scattering part and absorption part for (**c**) 0° and (**d**) 72° from the FEM simulation.](srep32194-f5){#f5}

![(**a**) Framework of oblique TE polarization for transverse NAs. FEM simulation results for the extinction cross-section spectra and near-field distribution of the electric displacement field for (**b**) the TB mode and (**c**) the TA mode at incidence angles of 0° and 72°, respectively.](srep32194-f6){#f6}

###### Resonance wavelengths, ratio of scattering cross section and absorption cross section to total extinction cross section and FWHM in different resonance modes of NAs.

                   Longitudinal   Transverse           
  --------------- -------------- ------------ -------- -------
  λ~res~ (nm)          780           677        698      749
  σ~sca/~σ~ext~        0.73          0.38       0.67    0.46
  σ~abs/~σ~ext~        0.27          0.62       0.33    0.54
  FWHM (nm)           198.8         59.98      176.83   106.6
